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Abstract

A wealth of data supports the notion that the hippocampus binds objects and events together in
place and time. In support of this function, a cortical circuit that includes the retrosplenial cortex
(RSC) and various structures in the parahippocampal region is thought to provide the
hippocampus with essential information regarding the physical and temporal context in which the
object/event occurs. However, it remains unclear if and how individual components of this so-
called “where’ circuit make unique contributions to processing context-related information. Here
we focus on the RSC and the postrhinal cortex (POR; homologous with parahippocampal cortex
(PHC) in primates), two of the most strongly interconnected components of the where pathway
and the foci of an increasing amount of recent research. Much of the behavioral evidence to date
suggests that RSC and POR/PHC work closely together as a functional unit. We begin by briefly
reviewing studies that have investigated the involvement of RSC and POR/PHC in contextual and
spatial learning, both of which involve learning associations and relationships between the
individual stimuli that compose an environment (i.e., where information). However, we propose
that potential differences have been overlooked because most studies to date have relied on
behavioral paradigms and experimental approaches that are not well suited for distinguishing
between different aspects of information processing. We then consider the anatomical differences
between RSC and POR/PHC and emerging behavioral evidence that gives rise to a working model
of how these regions may differentially contribute to hippocampal-dependent learning and
memory. We then discuss experimental designs and behavioral methods that may be useful in
testing the model. Finally, approaches are described that may be valuable in probing the nature of
information processing and neuroplasticity in the myriad of local circuits that are nested within the
where pathway.
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1. Introduction

Contemporary theories maintain that the hippocampus is essential for binding objects or
events together in place and time (Cohen & Eichenbaum, 1993; Cohen et al. 1999; Davachi,
2006; Eichenbaum, 2004, 2011), a function that relies on processed sensory information that
is provided to the hippocampus by distinct cortical circuits (Figure 1). One circuit, the
‘what’ pathway that includes regions such as the perirhinal cortex and lateral entorhinal
cortex, provides the hippocampus with information about a specific object or event (Murray
etal.,. 2000). A second circuit, which is the focus of this review, is often referred to as the
‘where’ pathway and includes the retrosplenial cortex (RSC), postrhinal cortex (POR;
homologous with parahippocampal cortex, PHC in primates), and medial entorhinal cortex
and provides the hippocampus with information regarding the physical and temporal context
in which an object/event occurs (Aggleton, 2012; Barense, et al., 2005; Eichenbaum et al.,
2011; Furtak et al., 2007; Hunsaker et al., 2013; Ranganath & Ritchey, 2012; Staresina et
al., 2011). For example, processing sensory information about a specific object, such as a
coffee cup, would be carried out by structures in the what pathway, whereas information
regarding layout of the kitchen in which the cup is located would be processed by the where
pathway.

The functional distinctions between the what and where pathways are well established and
have been valuable in defining the organization of the hippocampal memory system
(Ranganath & Ritchey, 2012). However, beyond this dichotomy it continues to be unclear
and actively debated if and how individual components of the where circuit make unique
contributions to processing context-related information (Aggleton, 2010; 2012; Cowell et
al., 2010, Eichenbaum et al., 2011; Kobayashi & Amaral, 2007; Ranganath & Ritchley,
2012; Vann et al., 2009; Wixted & Squire, 2011). Understanding the neural substrates
involved in processing contextual information is important not only for episodic memory,
but for guiding future behavior. Indeed, learning and recalling contextual information is
critical for everyday life, such as remembering where you parked your car or how to get
home. Not surprisingly, processing contextual information involves several different
components, such as encoding and forming associations between individual stimuli that
compose an environment, ascribing behavioral significance to those associations, updating
stored associations to account for new information, and storing/retrieving associations made
between stimuli. Among others, a present goal in the field is to resolve how individual
regions within the where pathway contribute to these functions.

2. Outline and Goals

Here we focus on the RSC and POR/PHC, two of the most strongly interconnected
components of the where pathway and the foci of an increasing amount of recent research.
As described in an excellent review by Ranganath & Ritchey (2012), anatomical and
behavioral evidence to date suggests that RSC and POR/PHC work closely together as a
functional unit within the hippocampal memory system. We begin by briefly reviewing
studies that have investigated the involvement of RSC and POR/PHC in contextual and
spatial learning, both of which are processes that involve learning associations and
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relationships between individual stimuli that compose a particular environment (i.e., where
information). Although the results of most of these studies suggest that RSC and POR/PHC
have highly similar functions, it is likely that potential differences have been overlooked
because most studies to date, including our own, have relied on behavioral paradigms and
experimental approaches that have lacked the resolution to distinguish between specific
aspects of information processing. We consider the anatomical differences between RSC
and POR/PHC and emerging behavioral evidence that gives rise to a working model of how
these regions may differentially contribute to hippocampal-dependent learning and memory.
We then discuss experimental designs and behavioral methods that may be useful in testing
the model. Finally, approaches are described that may be valuable in probing the nature of
information processing and neuroplasticity in the myriad of local circuits that are nested
within the where pathway.

3. Similarities between RSC and POR/PHC: Anatomical and Behavioral

Evidence

The afferent and efferent connections of RSC and POR/PHC have been summarized
recently in a diagrammatic and interactive connectome (a graphical connectivity map) that
comprehensively describes the circuitry between the hippocampal formation (Ammons horn,
dentate and subiculum), parahippocampal regions (perirhinal cortex, entorhinal cortex, and
POR), and RSC (Sugar et al., 2011; van Strien et al., 2009). As these reports indicate, the
RSC and POR/PHC are highly interconnected with each other and share similar patterns of
cortical connectivity. RSC receives input from visuo-spatial cortical sensory areas and has
strong reciprocal connections with visual cortex (areas 17, 18b), cingulate cortex, and
multiple parahippocampal regions including POR, medial entorhinal cortex, and the
postsubiculum (Agster & Burwell, 2009; Aggleton et al., 2012; Burwell & Amaral, 19983;
Kobayashi & Amaral, 2003, 2007; van Groen & Wyss, 1990; van Groen & Wyss, 1992a,
2003). The cortical connections of the POR/PHC are similar to those of RSC in that
POR/PHC also receives input from visual cortex and is reciprocally connected the medial
entorhinal cortex (Burwell & Amaral, 1998a, 1998b; Naber et al., 1997; Suzuki & Amaral,
1994) and the postsubiculum (Naber et al., 2001). The patterns of connectivity between RSC
and POR/PHC and hippocampal/parahippocampal structures suggest that both RSC and
POR/PHC are well-positioned to influence hippocampal-dependent functions.

Consistent with the connectivity of RSC and POR/PHC, substantial behavioral and
functional data indicate that both regions are involved in processing where information.
Here we highlight evidence from studies that use experimental lesions, neuroimaging
methods or electrophysiological techniques to support a role for RSC and POR/PHC in two
forms of learning and memory that depend critically on the hippocampus: contextual and
spatial learning and memory.

3.1. Contextual Learning and Memory

Various behavioral methods have been used to demonstrate that RSC and POR/PHC
contribute to both the acquisition and retrieval of contextual information. In a typical fear
conditioning procedure for example, rats are placed in a novel environment (the testing

Neurobiol Learn Mem. Author manuscript; available in PMC 2015 December 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Bucci and Robinson

Page 4

chamber) and allowed to acclimate for several minutes, during which time stimulus-stimulus
associations (those made between arbitrary and neutral visual, tactile and olfactory stimuli
that comprise the context) are presumed to form (Anagnostaras et al., 2001; Holland &
Bouton, 1999). Shortly thereafter, a neutral stimulus (a tone) is paired with an aversive
stimulus (foot shock). Thus, during a single acquisition session, rats learn to associate novel
arbitrary stimuli with each other as they form a representation of a new context, they learn to
associate a single cue (the tone) with foot shock, and they also learn to associate the novel
context with the shock. Accordingly, contextual learning not only involves the formation of
associations between various sensory stimuli that compose the environment, but it also
requires an updating of those associations when tone and shock are presented later in the
acquisition session. Contextual fear memory is subsequently assessed by returning the
subject to the training context in the absence of the tone or the aversive stimulus. Similarly,
retrieval of cue-specific fear memory is assessed by placing the rat in a different
environment and measuring freezing behavior in response to presentations of the tone
(Fanselow, 1980).

Damage to either RSC or POR has consistently been shown to impair contextual fear
conditioning while sparing cue-specific fear conditioning (Bucci et al., 2000, Burwell et al.,
20044, 2004b; Keene & Bucci, 2008a, 2008c). Importantly, these effects have been observed
regardless of whether lesions were made prior to or after acquisition. In this regard, the
effects of RSC or POR damage on contextual fear memory appear to be more pervasive than
hippocampal lesions since hippocampal damage prior to training has been shown to be
without effect in several studies (e.g., Maren et al., 1997). Moreover, consistent with the
effects of permanent lesions, temporary blockade of NMDA receptors in RSC just prior to
retrieval impairs contextual fear memory in mice (Corcoran et al., 2011). In addition, lesions
of POR have also been shown to impair the ability to discriminate between different
contexts (Bucci et al., 2002), and POR damage disrupts contextual memory in a spontaneous
recognition paradigm while sparing object memory (Eacott & Gaffan, 2005; Norman &
Eacott, 2005).

Further evidence is provided by complementary neurochemical, electrophysiological and
neuroimaging studies that examine activation in RSC and POR during contextual learning
and memory. Specifically, expression of the immediate-early genes Fos and Arc are elevated
in RSC during contextual fear learning and during the retrieval of contextual fear memories
(Beck & Fibiger, 1995; Robinson et al., 2012; Tayler et al., 2013). Similarly,
electrophysiological data indicate that RSC is involved in distinguishing between different
contexts (Freeman et al., 1996; Smith et al., 2004, 2012; Talk et al., 2004) and that cell
firing in primate PHC is sensitive to changes in context (Vidyasagar et al., 1991).
Neuroimaging studies in humans likewise demonstrate that both RSC and PHC are active
during tasks that require the processing of contextual information or the formation of
contextual associations (Aminoff et al., 2007; Bar & Aminoff, 2003; Bar et al., 2008a,
2008b; Brown et al., 2012; Fenske et al., 2006; Hayes et al., 2007; Kveraga et al., 2011).
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3.2. Spatial Learning and Memory

In a typical spatial learning task, subjects use the associations between individual landmarks
in the environment to navigate to a rewarded location or escape platform. For example, in
the Morris water maze, the location of an invisible submerged platform is not indicated by
an individual cue, but rather by the configuration of multiple visual cues present in the
surrounding environment. Like contextual fear conditioning, there is substantial evidence
that damage to RSC, in the form of permanent lesions or temporary inactivation, impairs
performance on a variety of spatial navigation tasks (Cain et al., 2006; Cooper & Mizumori,
1999; Cooper et al, 2001; Harker & Whishaw, 2002, 2004; Lukoyanov et al., 2005;
Pothuizen et al., 2010; van Groen et al., 2004; Vann & Aggleton, 2002, 2004; Vann et al.,
2003), although the effects may vary based on lesion methods and extent of damage to
surrounding areas such as the cingulum bundle. Damage to RSC also produces deficits in
spatial working memory, in which a new location is learned during each set of trials (Keene
& Bucci, 2009). Similarly, damage to POR/PHC has been shown to impair spatial learning
(Liu & Bilkey, 2002; Mair et al., 2003; but see Burwell et al., 2004) and lesions of RSC or
POR also impair long-term spatial memory (Haijima & Ichitani, 2008; Maviel et al., 2004;
Ramos, 2013). Other studies have demonstrated that RSC damage disrupts the ability to
perform spatial alternation tasks (Pothuizen et al., 2008, 2010), while recognition of the
objects themselves is unaffected (Ennaceur et al., 1997; Parron & Save, 2004; Vann &
Aggleton, 2002); a finding that is consistent with the notion that RSC participates in the
where pathway, but has little intersection with the what pathway. Similarly, humans with
RSC damage exhibit disorientation (Maeshima et al., 2001, Maguire, 2001; Takahashi et al.,
1997) and it has been repeatedly shown that damage to PHC in monkeys or humans impairs
the ability to use spatial cues to make object-place discriminations (Bachevalier & Nemanic,
2008; Malkova & Mishkin, 2003; Ploner et al., 2000; Epstein et al., 2001). Collectively,
these data indicate that both RSC and POR/PHC are critically involved in processing spatial
information.

Relatedly, previous reports documenting the activation of RSC and POR/PHC during spatial
learning have revealed that RSC and POR are constituents of head-direction and/or place
cell circuitry. Not only has the existence of head direction and place cells been observed in
RSC (Chen et al., 1994; Cho & Sharp, 2001) and POR (Burwell & Hafeman, 2003), but
additional reports have also demonstrated that permanent lesions of RSC influence head
direction cell firing patterns in brain regions involved in spatial information processing
(Clark et al., 2010). Likewise, electrophysiological evidence indicates that POR neurons
encode object-location conjunctions (Furtak et al., 2012). Consistent with these findings
neuroimaging studies in humans reveal that RSC is active during spatial navigation (Epstein,
2008; Epstein et al., 2007) and that PHC shows preferential activation during tasks that
involve changes in scenes and during tasks that require spatial navigation (Epstein et al.,
2003; Mullally & Maguire, 2011; Weniger et al., 2010).

3.3. Summary and Unanswered Questions

Collectively, the body of work described above provides converging evidence that both RSC
and POR/PHC contribute to processing where information and that these regions are well
positioned to influence hippocampal-dependent functions. Furthermore, the similarity in
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connectivity and in the findings from behavioral studies suggests that RSC and POR/PHC
form an important functional unit. Hence, it may be that the functional contributions of RSC
and POR/PHC are non-dissociable. Alternatively, there may be functional differences
between RSC and POR/PHC, but they have yet to be revealed due to limitations in the
experimental designs used to date. For example, the use of permanent lesions conducted
prior to training makes it difficult to differentiate between effects on learning, consolidation,
or memory retrieval. Similarly, prior studies have used behavioral designs that make it
difficult to isolate different aspects of information processing related to contextual and
spatial learning. Indeed, processing contextual and spatial information involves not only
encoding and forming associations among individual stimuli that compose an environment,
but also ascribing behavioral significance to those associations, updating them to account for
new information, and storing/retrieving the associations. In the case of contextual fear
conditioning, for instance, forming associations between the neutral contextual stimuli takes
place in the same session as does the presentation of foot shock (i.e., behavioral
significance), making it impossible to determine whether RSC or POR/PHC are involved in
one process versus the other. Thus, there is a significant need for experimental designs that
can be used to determine how RSC and PHC/POR contribute to processing where
information (Ranganath & Ritchey, 2012). To address this, we present a theoretical model
regarding the functions of RSC and POR/PHC, and then describe behavioral approaches and
methods that can be used to test the hypotheses that emerge from this model.

4. Functional and Anatomical Distinctions between RSC and POR/PHC

Although RSC and POR/PHC are strongly interconnected and both contribute to processing
where information, there are several notable neuroanatomical differences between these
regions. Compared to RSC, the POR/PHC is more heavily interconnected with the posterior
parietal cortex (PPC; Burwell & Amaral, 1998a), an area strongly implicated in attentional
function (Bucci, 2009; Constantinidis, 2011; Hutchinson et al., 2009). Consistent with this,
the thalamic input to POR/PHC arises primarily from dorsal thalamic nuclei, in particular
the lateral posterior nucleus (Furtak et al., 2007), and from the pulvinar nucleus in primates
(Baleydier & Mauguiere, 1985), both of which are also involved in regulating attention
(Reep & Corwin, 2009; Robinson, 1993). By comparison, thalamic input to RSC is provided
by anterior and lateral thalamic nuclei (van Groen & Wyss, 1992b; Vogt et al., 1987) which
are closely linked to spatial memory (Jankowski et al., 2013). Additionally, POR/PHC is
interconnected with regions that process information regarding the affective value of stimuli,
such as the perirhinal cortex and the amygdala, whereas RSC exhibits little or no
connectivity with these regions (Furtak et al, 2007; van Groen & Wyss, 1990, 1992a, 2003).

4.1. POR/PHC and Attentional Processes

One interpretation of these anatomical data is that POR/PHC contributes to hippocampal
function by altering attention to changes in contextual and spatial stimuli (Bucci & Burwell,
2004). Several pieces of behavioral evidence are consistent with this idea. For example,
PHC is preferentially activated when tasks involve changes in scenes (Epstein et al., 2003;
Mullally & Maguire, 2011; Weniger et al., 2010). Likewise, analysis of place cell firing
suggests that rodent POR neurons detect changes in the environment (Burwell & Hafeman,
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2003; Furtak et al., 2012) and cell firing in the primate PHC was found to be sensitive to
changes in the training context (Vidyasagar et al., 1991). Collectively, these findings may
reflect a role for POR/PHC in monitoring the environment for physical changes in stimuli,
or changes in the meaning of stimuli (e.g., whether or not they are followed by an expected
outcome) and for redirecting attention to those cues accordingly (Burwell & Hafeman, 2003;
Furtak et al., 2012). This notion may also provide an explanation for the finding that POR
lesions do not always impair spatial learning. For example, deficits in the Morris water maze
have been observed when POR-lesioned rats were tested in a large room containing
numerous spatial cues (Liu & Bilkey, 2002), but not when the maze was surrounded by
curtains containing just a few visual stimuli (Burwell et al., 2004). The former may require
additional attentional resources, thereby requiring an intact POR for normal performance.
Moreover, Liu & Bilkey (2002) found that the effects of POR damage on spatial working
memory were delay independent, consistent with an attention deficit rather than a mnemonic
impairment (Baxter et al., 1995).

4.2. Retrosplenial Cortex and Stimulus-Stimulus Associations

The RSC, on the other hand, may function as an interface and/or gateway between sensory
and information-processing regions, respectively (Kobayashi & Amaral, 2007; Sugar et al.,
2011; van Strien et al., 2009; Vann et al., 2009). As described previously, RSC is a large
polymodal region that receives input from various visuo-spatial cortical sensory areas and
projects extensively to the hippocampal-parahippocampal network. Thus, RSC may
contribute to processing where information by forming the initial associations between the
various sensory stimuli that compose a learning environment. Indeed, it has been proposed
that one of the functions of the hippocampal memory system is to form arbitrary
associations among the cues that compose the place, or context, where an object or event
occurs (Bunsey & Eichenbaum, 1993). Interestingly, however, two recent studies indicate
that the hippocampus itself is not necessary for this function (lordanova et al., 2011,
Wimmer & Shohamy, 2012), further suggesting that another region, such as RSC, may be
responsible for forming the initial associations between contextual stimuli.

Building from prior work by Gabriel and others (Freeman et al., 1996; Harker & Wishaw,
2002; Smith et al,. 2004, 2012; Talk et al. 2005; Vann & Aggleton, 2004), we recently
conducted a series of behavioral studies using rats with permanent RSC lesions to test the
hypothesis that RSC is essential when arbitrary associations are formed between multiple
sensory stimuli. At the outset of our studies, we reasoned that if RSC has a fundamental role
in linking together sensory stimuli, then damage should impair learning regardless of factors
such as the modality of the stimuli or how the stimuli are presented, as long as the task
requires forming associations between them. We found that RSC lesions impaired spatial
learning (Keene & Bucci, 2009) as well as contextual fear conditioning (Keene & Bucci,
2008a). Hence, RSC was necessary when tasks required forming arbitrary associations
among the background stimuli in the environment regardless of whether those associations
were used to navigate or not. We also found that the effects of RSC lesions were not limited
to situations in which the stimuli were static, continually present background cues. For
example, RSC damage also impaired the ability to form associations among phasic stimuli
(e.g., a light and a tone presented for a discrete time period; Keene & Bucci, 2008b;
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Robinson et al., 2011). RSC was also shown to be critical for associative learning regardless
of whether stimuli were presented in conjunction with appetitive or aversive outcomes
(Keene & Bucci, 2008a, 2008b, Robinson et al., 2011).

Conversely, data from these studies consistently demonstrated that RSC is not necessary for
the formation of an association between a single cue and an outcome. Together these
findings support a specific role for RSC in establishing new associations among multiple
sensory stimuli that compose a context or location. One intriguing idea that has been
proposed is that the hippocampus uses such associations to form contextual and spatial
representations which are subsequently incorporated into existing schemas (Eichenbaum et
al., 2011; Kobayashi & Amaral, 2007; Kubik et al., 2012; Smith et al., 2011; Wolbers &
Buchel, 2005).

5. Working Model

Based on these findings, we propose a working model that is illustrated in Figure 2A. One
arm of the model advances the premise that RSC has a critical role in forming associations
between the individual sensory stimuli that compose an environment. Moreover, we claim
that the formation of those associations does not necessarily include, or require, the presence
of reinforcers (e.g., food, shock, etc.). A second arm of our model maintains that information
regarding the biological significance or change in the meaning of contextual stimuli is
processed by POR/PHC. Using the example of contextual fear conditioning, the model
maintains that RSC encodes the initial relationships and associations among the multiple
sensory stimuli that compose the context. When shock is delivered later in the acquisition
session, our working model implies that POR/PHC serves to detect behaviorally relevant
changes to contextual stimuli and relay that new status to RSC. In turn, we propose that RSC
incorporates the updated information into the previously acquired contextual associations
and then furnishes this information to the hippocampal formation. An alternative model
wherein information processed by RSC and POR/PHC is maintained in segregated paths that
independently inform the hippocampus is also conceivable (Figure 2B).

6. Recent Evidence Supporting the Theoretical Model

The models presented above give rise to several testable hypotheses. First, if associations
between sensory stimuli are formed in RSC, then RSC neurons should be active during
contextual fear conditioning, and furthermore, RSC neurons should exhibit learning-related
synaptic plasticity. We recently tested this by examining the expression of two immediate-
early genes in RSC in rats that were sacrificed immediately after a contextual fear
conditioning session (Figure 3a). Rats were placed in a conditioning chamber and three
minutes later received three presentations of a mild foot shock. Control groups included
home cage controls; rats that were placed in the conditioning chamber, but did not receive
shock (context only); and rats that were placed in the chamber and immediately shocked
(shock-only). The latter condition, which induces an immediate shock deficit, does not
support fear learning (Fanselow, 1986; Frankland et al 2004; Kiernal & Cranney, 1992,
Wiltgen et al, 2006). Sixty minutes later rats were sacrificed and brains were processed for
FOS or ARC immunocytochemistry to assess general neural activity and learning-related
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plasticity, respectively (Beck and Fibiger, 1995; Campeau et al., 1991; Miyashita et al.,
2009; Pezzone et al., 1992; Shepherd & Bear, 2011). Rats that were fear conditioned
exhibited higher levels of FOS (suggestive of activation in general) and ARC (suggestive of
learning-related plasticity) expression in RSC compared to each of the controls (Figure 3b,
3c). Moreover, a stair-step pattern of expression was noted (Figure 3b) in that the context-
only group also exhibited greater expression compared to the shock-only and home cage
groups. This further supports the notion that RSC is involved in forming the initial stimulus-
stimulus associations between contextual stimuli, even when they are not associated with a
significant event. In addition, these findings are consistent with other recent work
demonstrating an elevation in ARC expression in RSC during hippocampal-dependent
learning (Tse et al., 2011).

In contrast, our model predicts a subtle but important difference in the profile of immediate
early gene expression in POR during fear conditioning. Specifically, if POR/PHC functions
to provide RSC with information regarding the biological significance of contextual stimuli,
POR should be active (i.e. elevated FOS expression) during acquisition of contextual fear
conditioning, but should not necessarily exhibit learning-related plasticity (i.e., ARC
expression should not differ across the experimental groups). Consistent with this
hypothesis, we found that FOS but not ARC expression is increased in POR after contextual
fear conditioning (Figure 3c, unpublished data).

Another prediction of the working model illustrated in Figure 2A is that communication
between RSC and POR is necessary for contextual learning and memory. Consistent with
this idea, we recently demonstrated that a functional disconnection of RSC and POR impairs
contextual fear conditioning in rats (Robinson et al., 2012). In that study lesions were
performed prior to fear conditioning and the behavior of rats in which the RSC was lesioned
in one hemisphere and the POR was lesioned in the opposite hemisphere (i.e., bilateral
disruption of communication between RSC and POR; contralateral lesion group) was
compared to the behavior of rats in which unilateral lesions to RSC and POR were made in
the same hemisphere (i.e., intact communication on one side; ipsilateral lesioned group). If
each individual region, but not the interaction between RSC and POR, was important for
learning we would have expected the two types of lesions to have similar effects since they
involved damaging the same total amount of tissue (1 RSC and 1 POR). Instead, we found
that bilateral disconnection (contralateral lesion group) produced a greater deficit than
unilateral disconnection (ipsilateral lesion group), indicating that interaction between RSC
and POR is required for contextual fear conditioning (Figure 4). Complementing these data,
we also found that neurons in RSC that innervate POR were active during contextual fear
conditioning (Robinson et al., 2012; Figure 5), further supporting the notion that RSC and
POR communicate during contextual learning.

Lastly, some recent studies have compared the functions of RSC and POR/PHC in the same
experimental preparation. For example, neuroimaging data indicate that RSC selectively
processes the most permanent, or stable stimuli in an environment; conversely, the PHC is
responsive to a broader range of attributes particularly when they guide behavior at a
decision point (Auger et al., 2012). Relatedly, RSC was found to be more responsive to
familiar scenes than PHC (Epstein et al., 2007). Other studies of spatial learning indicate

Neurobiol Learn Mem. Author manuscript; available in PMC 2015 December 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Bucci and Robinson

Page 10

that areas in PHC are involved in distinguishing between multiple views of a scene while
RSC serves to integrate scenes within a specific context (Park & Chun, 2009). In addition,
different response dynamics have been observed in PHC and RSC during scene or context
processing (Henderson et al., 2008; Kveraga et al., 2011). These findings support the notion
that RSC and POR/PHC may have dissociable functions that can be resolved using
appropriate task designs and techniques.

7. Avenues for Future Study

7.1. Behavioral approaches that separate discrete phases of learning

Rigorous testing of ours or other models that seek to differentiate the contributions of RSC
from those of POR/PHC will require the use of behavioral designs that explicitly separate
functions that range from the formation of arbitrary associations among neutral sensory
stimuli to the assignment of behavioral significance to those associations. This can be
accomplished using paradigms such as sensory preconditioning (Blaisdell et al., 2009;
Brogden, 1939; Holland & Ross, 1983; Ward-Robinson et al., 2001), which is illustrated in
Figure 6. In the first phase of training, an auditory stimulus (a tone) is presented and
followed immediately by a visual stimulus (a light) on half of the trials. During the other
half of the trials in each session, another auditory stimulus (white noise) is presented alone.
Importantly, no reinforcement is delivered during this phase of training. Thus, rats are given
the opportunity to form a stimulus-stimulus association in the absence of reward. During the
second phase of training, the same light is presented and followed by food reward.
Therefore, unlike in a standard fear conditioning paradigm, the biological significance of
arbitrary stimulus-stimulus associations are updated in a subsequent and distinct phase of
learning. Lastly, during a final and single test session, the tone and white noise are presented
alone on intermixed trials. Normal rats typically exhibit more conditioned responding to the
preconditioned auditory cue (the tone) compared to the unpaired cue (white noise) during
the test session (Blaisdell et al., 2009; Holland & Ross, 1983). This outcome is thought to
reflect the formation of a stimulus-stimulus association between the two paired sensory
stimuli during the initial training session, a phenomena referred to as sensory
preconditioning.

As shown previously, permanent lesions of RSC impair sensory preconditioning, in that they
respond similarly to both auditory stimuli during the test session. Notably, it has recently
been shown that the hippocampus is not active (Wimmer & Shohamy, 2012) or necessary
(lordnova et al, 2011) for forming the initial stimulus-stimulus associations during the first
phase of sensory preconditioning. Thus, the specific contribution of RSC to forming
stimulus-stimulus associations could be tested by reversibly inactivating RSC during
discrete phases of a sensory preconditioning task. Our model would predict that inactivating
RSC during phase 1 would disrupt sensory preconditioning by eliminating the ability to
form the stimulus-stimulus association between the light and the tone. Conversely,
inactivating RSC during phase 2, when the light is paired with food, should be without
effect. The opposite prediction could be tested by inactivating POR during phase 1 or phase
2. We would predict that silencing neurons in POR specifically during phase 2, when there
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is a change in the meaning of a stimulus, would disrupt performance during the final test
session.

To date, these types of studies have been hampered by technical limitations. Specifically, the
sheer size of RSC (almost 8mm along the rostro-caudal axis of the rat brain, Paxinos &
Watson, 2008) has precluded the use of traditional inactivation techniques. Indeed,
numerous surgically implanted cannulae are required on each side of the brain to inactive
the RSC along its entire rosto-caudal axis. In our experience, this approach produces an
unacceptable amount of mechanical damage and it is also very difficult to keep all cannulae
patent over several daily training sessions. Yet, the importance of manipulating neurons
along the entire rostro-caudal axis of RSC is underscored by recent anatomical data
indicating that the intrinsic connectivity of the RSC is characterized by a significant amount
of interconnectivity within the coronal plane (Shibata et al., 2012). This can now be
surmounted using new chemogenetic techniques, whereby by systemic drug injection can be
used to transiently activate inhibitory neurotransmitter channels introduced by prior
injection of viral constructs (Armbruster et al, 2007, Rogan & Roth, 2011). For example, a
viral construct containing the gene for a synthetic inhibitory G-protein coupled receptor is
infused into one or more sites of a target region just like a traditional neurotoxin (e.g.,
NMDA, ibotenic acid). The G-protein is maximally expressed in neurons in the target region
in ~3 weeks and can be selectively activated by systemic administration of clozapine-N-
oxide (CNO). Activation of the inhibitory G-protein coupled receptor by CNO silences
neuronal activity for up to 2 hours. Using this method, the viral construct can be infused
throughout the rostro-caudal extent of RSC, allowing for temporary silencing of neural
activity of the entire RSC without introducing the mechanical damage and technical
difficulties associated with traditional cannulation methods.

7.2. Other behavioral approaches

As described in the previous section, combining reversible inactivation methods with
behavioral designs that separate discrete phases of learning will be valuable in testing for a
double dissociation regarding the roles of RSC and POR in forming stimulus-stimulus
associations versus altering attention when there are changes to those stimuli. However,
there is also a need for behavioral studies that test the involvement of RSC and POR in more
general aspects of these functions. For example, the model predicts that RSC has little
involvement in altering attention when there are changes in contextual and spatial stimuli.
Yet, very few published studies to date have examined the role of RSC in any aspect of
attention. To our knowledge, the only exception is with regard to orienting behavior in
humans or rats with unilateral damage to RSC (Heilman et al., 1990; Kwon et al., 1990).
Thus, it remains to be fully tested whether RSC contributes to the changes in attentional
processing that are proposed for POR. Similarly, there is a lack of studies that test whether
POR is involved in forming stimulus-stimulus associations. Our model would predict that
manipulations of POR would not impair the formation of associations between sensory
stimuli. Consistent with this, a recent study by Gastelum et al. (2012) demonstrated that
lesions involving POR did not impair (and in fact enhanced) the formation of associations
between stimuli in a feature-positive feature-negative discrimination task. Additional studies
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such as these are essential in order to fully test the predicted dissociations predicated by a
functional model.

7.3. Tract Tracing and Task-Induced Neural Activation

Our model further proposes that POR/PHC provides information directly to RSC regarding
the behavioral significance of contextual stimuli (Figure 2A). However, an alternative to this
hypothesis is that information processed by RSC and POR/PHC may be maintained in
segregated paths that independently inform the hippocampus (Figure 2B). These competing
hypotheses can be readily tested by combining tract-tracing and neural activation methods to
assess communication between RSC, POR/PHC, and hippocampus during learning. For
example, we recently used this approach to demonstrate that RSC neurons that project to
POR are active during contextual fear conditioning (Robinson et al., 2012). Similarly,
separate retrograde tracers could be infused into RSC or hippocampus prior to fear
conditioning, and brains subsequently processed for Fos immunoreactivity, a marker of
neuronal activation. With this approach, learning-related activation within the pathway from
POR to RSC could be directly compared to activation within the pathway from POR to the
hippocampus, which has the potential to provide information regarding task-related
communication between structures included in our working model.

8. Conclusion

Although several different cortical structures compose the where pathway, there has been
little insight to date regarding the specific contributions of each region to processing
contextual or spatial information. This may indicate that the function of structures such as
RSC and POR/PHC are non-dissociable. However, as we argue here, it is also possible that
functional differences have been overlooked because of the reliance on behavioral
paradigms and experimental approaches that lack the resolution to distinguish between
specific aspects of information processing. In proposing a working model of how RSC and
POR/PHC may differentially contribute to hippocampal-dependent learning and memory,
we presented several experimental designs and behavioral methods that may be useful in
testing emerging hypotheses. These same approaches may also guide future research in
determining the functional significance of the host of other local circuits nested within the
where pathway, thereby contributing to a more complete understanding of information
processing within the hippocampal memory system.
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Figure 1.
A. Schematic diagram of cortico-hippocampal circuitry. Only the densest connections (black

lines) are illustrated for simplicity. B. Schematic diagram of differential connectivity of RSP
and POR. The anatomical regions on the bottom half of the diagram (solid lines) represent
similar connectivity to and from RSP and POR. The anatomical regions on the top half of
the diagram (dotted lines) represent connections that differ between RSP and POR.
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Working model of the functional contributions of RSC and POR/PHC to processing ‘where’

information.
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Figure 3.
Behavioral design and immediate early gene protein expression in RSP and POR following

contextual fear conditioning. A, A schematic depicting the four behavioral conditions
included in the fear conditioning experiment. B, Average (mean £ SEM) c-Fos protein
expression in RSP across behavior conditions. The profile of arc protein expression in RSP
was comparable (data not shown). The asterisk (*) indicates significant (p < 0.05)
differences from all other conditions; ns indicates no significant difference. C Percentage of
c-fos (hashed bars) or Arc (dotted bars) positive cells in RSP or POR of contextually fear
conditioned rats relative to the number of IEG positive neurons expressed in RSP and POR
of homecage animals.

Neurobiol Learn Mem. Author manuscript; available in PMC 2015 December 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Bucci and Robinson

Figure 4.

% freezing during context test

o5 8 885883828

Page 24

4A

IPSILATERAL

CONTRALATERAL

FY
o

(7] " CONTRA

i

Unilateral lesion-induced disconnection of RSP and POR impairs contextual fear
conditioning. A. Collages of brain diagrams (modified from Paxinos & Watson, 1988) along
the rostrocaudal extent of the RSC and POR indicating the largest (black) and smallest
(grey) ipsilateral and contralateral lesions of the RSC and POR. CG, Cingulum bundle;

RSC, retrosplenial cortex; POR, postrhinal cortex. B. Freezing behavior of rats during a test
of contextual fear learning. Rats sustained sham (open bars, SHAM), ipsilateral (grey bars,
IPSI) or contralateral (black bars, CONTRA) lesions of RSC and POR prior to acquisition of
fear conditioning and were tested 24 hr later for contextual fear memory.
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Figure 5.
Histochemically verified neurons that project from RSC to POR are activated following fear

conditioning. A. Brain diagrams depicting the infusion of a retrograde tracer (Cholera-toxin
B coupled to Alexafluor-488) into POR. Half of the infused rats were underwent an
acquisition session of a fear conditioning paradigm in which 3 foot shocks were delivered
while the rats explored a novel context. The other half of the rats served as home-cage
controls. B. Brain diagrams reflecting the rostrocaudal location from which confocal images
of RSC neurons were collected. C. Average (mean and sem) c-Fos expression in RSC in
homecage (HOME) compared to fear conditioned (FEAR COND) rats indicating that RSC
is activated during contextual learning. D. Average (mean and sem) percentage of RSC
neurons that project to POR that are co-labeled for tracer and c-Fos expression following
fear learning indicating that the pathway between RSC and POR is activated. E-G.
Photomicrographs of RSC neurons obtained with a confocal microscope equipped to detect
Nissl (E), retrogradely labeled neurons (F) and c-Fos expression (G). H. Merged image of
neurons co-labeled for Nissl, Tracer and c-Fos.
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SENSORY PRECONDITIONING TASK
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Schematic diagram of a sensory preconditioning procedure illustrating a behavioral
paradigm that permits examination of distinct components of learning. During the
Preconditioning phase (top panel) presentations of one type of auditory cue are paired with a
visual stimulus whereas presentations of a second auditory cue occur unpaired. During this
phase, stimulus-stimulus associations are presumed to occur. During the Conditioning phase
(middle panel) the light is paired with food. During this phase, encoding of changes in the
biological significance of stimuli is presumed to occur. In the third and final Post-
Conditioning phase both auditory cues are presented in intermixed trials while conditioned
responding is recorded.
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